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This paper proposes a user-friendly and highly sensitive detection method for influenza A (H1N1) virus using
the cooperation of quantum dot (Qdot)-aptamer beacons and light guide in a three-dimensional (3D)
photonic crystal (PC). For easy use, we present a fluorescent probe-based ‘OFF-ON' detection protocol.
First, a mixture composed of Qdot-aptamer beacons and dark quencher-labeled guard DNA (G-DNA)
was prepared. It initially quenched the fluorescent signals to significantly low intensity, i.e., 'OFF’ state.
Then, the influenza A (H1N1) virus preferentially bound to the aptamer and G-DNA was released, so that
the fluorescent signal was restored and biosensor turned to ‘ON’ state. The restored fluorescence signal
changed quantitatively according to the concentration of the target influenza A (HIN1) virus. Owing to

R 4 26th March 2018 the light guide of the 3D nanoporous PC structure, we achieved high sensitivity with ultra-low limit of
eceive th Marc . 1 . . ) . .
Accepted 10th June 2018 detection (LOD) of 138 pg mL™™ and high selectivity over other species of influenza A virus and

biomolecules. Additionally, with the benefit of enhanced output fluorescent signals, the target virus

DOI: 10.1039/c8ra025969 could be easily detected with a low-cost and portable home-made setup (total cost of only 20 US
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Introduction

In recent years, the threat of influenza pandemics has massively
increased and many countries have drawn up epidemic
prevention plans following the World Health Organization
(WHO) guidelines. The propagator of this epidemic disease, i.e.,
influenza virus, is a single-stranded and negative-infected RNA
virus of the orthomyxoviridae strain that causes regular
seasonal epidemics in birds, humans, and other mammals. The
worldwide prevalent influenza virus that infects humans has
three genera identified by antigenic differences in their nucle-
oproteins and matrix proteins, ie., types A, B, and C. Among
them, the influenza virus of type A, also called influenza A virus,
has the greatest genetic diversity and infects the widest range of
host species." In particular, a novel swine-origin influenza virus
(S-OIV) H1N1, a subtype of the influenza A virus, was isolated
from humans in Mexico and the United States in April 2009.
Subsequently, the WHO declared an HIN1 pandemic, which
was marked the first global pandemic since the 1968 Hong King
flu. Recent research shows that the infectivity of S-OIV is more
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dollars) and a built-in camera in a smartphone.

efficient and fatal than seasonal influenza viruses.>* It was re-
ported by WHO that more than 18 138 deaths were caused by the
influenza A (H1N1) virus in more than 214 countries. Followed by
a series of rapid responses for prevention and control, the
detection and identification of the influenza A (H1N1) virus at an
early stage can effectively inhibit the spread of the pandemic
influenza. Classical methods for detecting influenza viruses, such
as haemagglutination (HA) assay,* haemagglutination inhibition
(HI) assay® and enzyme-linked immunosorbent assay (ELISA),*’
require long periods of time (3-10 days), large amounts of target
virus, special instruments, and well-trained operators. Though
the reverse transcriptase polymerase chain reaction (RT-PCR) can
significantly improve the assay speed and sensitivity, it is still
complicated, expensive and time-consuming (1-2 days).® To
address the abovementioned drawbacks, point-of-care (POC)
diagnostic method can be an effective and simple approach to
detect the influenza A (H1IN1) virus in a user-friendly way
instantly or in a very short time even by an unskilled user.** The
available commercial POC methods are mainly based on
immunoassays that detect influenza viral antigen and are used
for screening influenza A virus within 5-30 minutes. However,
low sensitivity and false negative results by POC methods are the
main concerns that remain to be improved.

In this study, we propose a direct detection method for the
influenza A (H1N1) virus using the cooperation of quantum dot
(Qdot)-aptamer beacons and emission light guide for signal
enhancement based on 3D photonic crystals (PC). Also, we
developed a portable setup using a smartphone camera for easy
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diagnosis without limit of location. Fig. 1 shows the proposed
detection principle using Qdot-aptamer conjugates* and 3D
PC."* For user-friendliness, we applied a fluorescence-based
‘OFF-ON’ detection strategy. First, in a pre-prepared solution
for influenza A (H1N1) virus detection, the energy from the Qdot
is transferred to a dark quencher conjugated with guard DNA(G-
DNA), through fluorescence resonance energy transfer (FRET).**
Hence, the fluorescence emission signals from the Qdot are
reduced to an extremely low level, i.e., “OFF” state (Fig. 1a).
Then, in the presence of the target influenza A (H1N1) virus, the
influenza A (H1N1) virus-aptamer binding and the release of G-
DNA induce the restoration of fluorescence signals, turning the
biosensor to the ‘ON’ state. The proposed PC was designed in
such a way that the reflected wavelength from the structure
overlaps the fluorescence wavelength of the quantum dot (Qdot)
for highly sensitive detection.'>"” Therefore, the output fluo-
rescence signals with specific wavelengths can be enhanced by
the emission light guide in 3D PC and enhanced output signals
are detected by a low-end charge-coupled device (CCD).

Results and discussion
Highly sensitive detection using emission light guide

To enhance the fluorescence signals and improve the sensitivity
of the proposed sensor, the reflected peak wavelength in 3D PC
was engineered to be similar to the emission peak wavelength of
the fluorophore. This was realized by changing the pore size of
3D PC, which was directly associated with the size of nano-
particles. The resulting reflected wavelength in the proposed
sensor could be predicted by Bragg's equation, which has been
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(b)
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thoroughly discussed in our previous studies (more details in
ESIt). Assuming that the PEG-DA material did not swell, the
peak wavelength value in the wet state was 673 nm.

As described above, the emission fluorescent signals from
Qdot were enhanced by the light guide in 3D PC, whose re-
flected wavelength needed to be matched with the emission
wavelength of Qdot. In other words, to maximize the effect of
the emission light guide, fluorescence probes with emission
peak wavelength of around 673 nm would be appropriate.
However, because of ineffective quenching by using Qdot with
long wavelength emission (e.g., emission maximum > 650 nm)
as FRET donors (due to large core sizes), low quantum yields,
and significantly high absorption coefficient in aqueous solu-
tion, we tried detecting influenza A (H1N1) virus using Qdot
605-aptamer conjugates for further improvement.’®* Among
the different species of Qdot-streptavidin conjugates, which
were purchased from Invitrogen Inc. (more details in ESIT),
Qdot 605 was considered the best alternate fluorescence probe.

Fig. 2a shows the fluorescence images during influenza A
(H1N1) virus detection on 3D PC and 2D glass surfaces, with
different concentrations of influenza A (H1N1) virus from 200
pg mL ™" to 200 pg mL ™. For quantitative analysis, the relative
fluorescence intensity was calculated as follows:

n = (F— Fy)lFy (1)

where F and F, are the measured fluorescence intensities in the
“ON” and “OFF” states, respectively. As shown in Fig. 2b, in both
cases of detection on 3D PC and 2D glass surfaces, linear rela-
relative  fluorescent

tionships between the intensity and

Dark
quencher

Influenza A
(H1N1) Virus

Quantum
dots (Qdot)

Fig. 1 The proposed "OFF-ON" detection principle using Qdot-aptamer conjugates and 3D nanoporous photonic crystal. (a) Loading the
prepared quenched Qdot-aptamer conjugates (i.e., "OFF" state) for influenza A (HIN1) virus detection in aerosol spray. (b) Capturing airborne
influenza A (H1N1) virus by aerosol spray and recovering Qdot signals by releasing G-DNA and preferred aptamer-virus binding (i.e., “"ON" state).
(c) Visualization of virus detection by enhanced Qdot signal owing to the emission light guide in 3D PC.
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Fig. 2 Sensitivity of the proposed 3D photonic crystal-based
biosensor. (a) The captured fluorescence images and (b) the measured
relative fluorescence intensity during virus detection on 3D PC (black)
and 2D glass surface (white) with different concentrations of influenza
A (HIN1) virus. The scale bar in the images is 20 pm.

logarithmic value of influenza A (H1N1) virus concentration were
found in the range 200 pg mL " to 200 ug mL ", and the corre-
lation coefficients of the two cases were 0.93 and 0.91, respectively.
These results indicated that the proposed Qdot-aptamer conjugate
and 3D PC-based biosensor were able to detect influenza A (H1N1)
virus visually, and the virus concentration could also be predicted.
Moreover, the proposed 3D PC-based biosensor had a competi-
tively low limit of detection (LOD) of 138 pg mL ™' compared to that
for the 2D glass surface (LOD = 897 pg mL™ ") or other reported
detection techniques. Table 1 presents a comparison of the assay
times and LODs of the proposed influenza HIN1 virus detection
techniques with other techniques. Although some of the detection
techniques reported had very low LODs, the required specialized
instruments, complex assay steps or long assay times still limit
their practical applications.
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Selectivity of PC-based biosensor

One of the important factors of the biosensor is selectivity to target
molecules. The specificity of the influenza A (H1N1) virus-binding
aptamer enables our proposed biosensor to have high selectivity
for influenza A (H1N1) virus detection. We compared the variation
in fluorescence intensity in case of different types of viruses or
biomolecules: HIN1, H5N1, H3N2, thrombin from human plasma
(Sigma-Aldrich, Korea) and their mixture with the same concen-
tration of 200 pg mL~". Fig. 3a shows a comparison of the fluo-
rescent images after these samples were added to the biosensor
individually and incubated for 2 h. Quantitative analysis
was performed by comparing the relative fluorescence intensities
((F — Fo)/F,), as shown in Fig. 3b. When nontargeted viruses or
biomolecules (H5N1, H3N2 or thrombin) were introduced to the
biosensor, only small changes in fluorescence intensity were
observed. On the contrary, in the presence of influenza A (H1N1)
virus, the intensity of the fluorescence signal from Qdot 605
increased significantly and the relative fluorescence intensity
reached to about 1.99. When a mixture of HIN1, H5N1, H3N2, and
thrombin was introduced, the relative fluorescence intensity
decreased compared to pure HIN1 but showed high values
compared to those of other untargeted biomolecules. Interestingly,
the selectivity performance using 3D PC was better than the
selectivity using 2D glass, that is, high signal-to-noise ratio could
be achieved through the light guide of 3D PC. This result can be
explained using a simple ‘signal plus noise’ model, in which the
measured data F is composed of a signal component Fs and a noise
component 7; where 7 stands for the substrate used for detection,
i.e., p for 3D PC and g for 2D glass. Hence, the relative fluorescence
intensity (F — F,)/F, can be derived to Fs/F, + 1;/Fy — 1. When only
nontargeted viruses or biomolecules existed in samples, the signal
F; was the same as the original signal F,, and the noise n; came
from the nontargeted molecules. The term Fy/F, becomes nearly 1;
hence, the relative fluorescence intensity could be simplified to n;/
Fo. In the case of the proposed PC-based biosensor, F, was higher
than that in the 2D glass, as shown in Fig. 3a. Hence, the relative
fluorescence intensity (F — Fy)/F, in H5N1, H3N2 or thrombin was
much smaller on 3D PC than on the 2D glass surface, indicating
higher signal-to-noise ratio. These results indicated that our
proposed PC-based biosensor had higher selectivity for influenza A
(H1IN1) virus than other analyses.

Optimization of assay time

During the influenza A (H1N1) virus-aptamer binding process,
the dark quencher-labeled G-DNA was released from the

Table 1 Comparison of the assay time and LOD in the proposed influenza HIN1 assay with other reported techniques

Reference Method Assay time LOD

Su et al.,*° 2012 Surface plasmon resonance 20 min 1.5% pg mL !
Feng et al.,*' 2015 PCR-based SELEX 80 min 50” pg mL™*
Tseng et al.,”* 2016 Fluorescence 9 steps, total 30 min 8°ng mL "
This work Fluorescence & light guiding 40 min 138 pg mL ™"

¢ 30 PFUML ' = ~3 x 10° particles per mL = ~1.5 pgmL . * 1 x 10% TCID50/100 pL = ~1 x 10" particles per mL = ~50 pg mL . © 0.032 HAU/20 ulL

= ~6.4 x 10° particles per mL = ~8 ng mL™ ">

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Quantitative analysis of selectivity of the proposed 3D photonic
crystal-based biosensor. (a) The captured fluorescence images and (b)
the measured relative fluorescence intensity during virus detection on
3D PC (red) and 2D glass surface (black) with different targets (HIN1,
H5N1, H3N2, thrombin and the mixture of them) at the same
concentration of 200 pg mL™% The scale bar in the images is 20 um.

aptamer. To optimize the analysis time, variations in fluores-
cence signals from Qdot 605 were recorded for 70 min during
the assay process. When influenza A (HIN1) virus with
concentration 200 pL mL ™! was introduced, the fluorescence
intensity started to increase after 10 minutes. Subsequently, the
fluorescence intensity increased gradually and then reached
a saturation state after nearly 40 min, as shown in Fig. 4. Based
on these results, the influenza A (H1N1) virus could be quan-
tified within 40 min using our proposed detection method.

Quantitative analysis in low-cost portable home-made setup

The detection method proposed in this study could precisely
detect influenza A (H1N1) virus using professional instruments,
which were expensive and complicated, as well as a simple home-
made setup, which was of low-cost and portable, as shown in
Fig. 5a. The fluorescence images at different concentrations of
influenza A (H1N1) virus were captured with a smartphone
camera on the proposed home-made setup, as shown in Fig. 5b.
Then, the fluorescence images were analyzed using ImagePro
Plus software. Using the home-made setup and a smartphone
camera, we obtained LOD of 70 ng mL " for the PC and 3.68 ug
mL ™" for the 2D glass surface, as shown in Fig. 5c.

Virus detection in a real sample

For practical applications of biosensors, real samples, i.e., blood
or serum, contain abundant proteins and biomolecules that
make detecting environment more complicated than the ideal

22994 | RSC Adv., 2018, 8, 22991-22997

View Article Online

Paper

| ---

0 min 10 min 20 min 30 min

70 min

40 min
(b) 120

50 min 60 min

100 4

-3
=3
N

Fluorescence intensity
o~ a
o o

N
o

10 20 30 40 50 60 70
Time / min
Fig. 4 Optimization of assay time for influenza A (HIN1) virus detec-
tion. (@) The captured fluorescence images and (b) the measured
relative fluorescence intensity during virus detection (from 0 to 70
min) in 3D PC structure with influenza A (H1IN1) virus concentration of
200 pg mL~. The scale bar in the images is 20 um.

sample. Hence, such samples limit the performance of the
biosensors in terms of sensitivity. To quantitatively evaluate the
sensitivity of the proposed PC-based biosensor in real samples,
sterile-filtered human serum was used with different HIN1
virus concentrations, and the fluorescent images were captured
using a microscope as well as home-made setup with a smart-
phone, as shown in Fig. 6a. The measured relative fluorescence
intensity during virus detection in real samples (human serum)
compared to those of ideal samples (pure PBS solution) is
shown in Fig. 6b. In addition, we determined the LOD of the
biosensor under these detection conditions. The LODs of the
proposed PC-based biosensor with a microscope and home-
made setup were 560 pg mL~' and 600 ng mL ", respectively.
Due to non-specific binding of other protein molecules, the
relative fluorescence intensity decreased slightly, but the LODs
were still higher than the LOD on the 2D glass surface using the
ideal sample (897 pg mL ™" under microscopic observation and
3.68 ug mL ™" in the home-made setup) owing to the high signal-
to-noise ratio of the proposed PC-based biosensor.

Experimental
Fabrication process of 3D photonic crystal

The fabrication process of 3D nanoporous PC has been
described in our previous studies, as shown in Fig. S17:***° First,

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Influenza A (H1N1) virus detection with the proposed biosensor
and home-made setup. (a) Fluorescence images captured by the
smartphone camera with different concentrations of influenza A
(HIN1) virus (from 20 ng mL™! to 200 ug mL™Y on PC and glass,
respectively. (b) Scheme of the proposed low-cost portable home-
made setup for influenza A (HIN1) virus detection and image of the
fabricated result. (c) Quantitative analysis of fluorescence intensities
with different concentrations of influenza A (HIN1) virus on PC (black)
and glass (white). The scale bars in the images of PC and glass are
2 mm and 5 mm, respectively.

a drop of colloidal silica nanoparticle dispersion (diameter:
300 nm, Polysciences, Inc., Warrington, PA) was spread on a slide
glass and then, the droplet was covered with cover glass (25 x 25
mm). During evaporation of the solution, the silica nanoparticles
were self-assembled.”*” After getting fully dried, the colloidal
crystals were immersed in photocurable poly(ethylene glycol)-
diacrylate (PEG-DA) solution for 5 min, allowing sufficient pene-
tration into the interstices between nanoparticles. PEG-DA solu-
tion was prepared by mixing 99 wt% PEG-DA solution (average
MW 250, Sigma-Aldrich, Korea) with 1 wt% water-soluble photo-
initiator  2-hydroxy-2-methylpropiophenone  (Sigma-Aldrich,
Korea). Then, a polyethylene terephthalate (PET) film modified
with urethane groups was covered on it, and the sample was
exposed to UV light (250-400 nm) for a few tens of seconds at 90
mW cm 2. Then, the polymerized PEG-DA layer with PET film was

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Sensitivity of the proposed 3D photonic crystal-based
biosensor with real serum samples including HIN1 virus particles. (a)
Fluorescence captured images using fluorescence microscope and
home-made setup with a smartphone camera, respectively. (b) The
measured relative fluorescence intensity during virus detection in the
ideal sample (red) and real sample (green) with different concentra-
tions of influenza A (HIN1) virus. The scale bars in the images of the
microscope and home-made setup are 20 pm and 3 mm, respectively.

peeled off from the slide glass. The resultant inverse opal struc-
tures were obtained by wet etching of the silica nanoparticles in
buffer oxide etchant (BOE). The inverse opal structures with PEG-
DA hydrogels were used in this study because hydrogels provide
homogeneous water environment and have higher capacity for
biomolecule immobilization of proteins than the traditional 2D
glass surface. Moreover, the environment was conducive for
covalent attachment of proteins and had greater probability of
interacting with the target ligand.***

Preparation of quenched Qdot-aptamer conjugates

First, the Qdot-aptamer conjugates were prepared by conju-
gating streptavidin-functionalized Qdot 605 (Qdot® ITK™
streptavidin conjugate, Invitrogen, Carlsbad, CA, USA) to 3’
biotin-modified aptamer (IDT Inc., Korea) at a molar ratio of
1:20. The DNA sequence of influenza A (H1N1) virus-binding
aptamer was 5’-/5AmMC12/GGG TTT GGG TTG GGT TGG GTT
TTT GGG TTT GGG TTG GGT TGG GAA AAA/3Bio/-3'. Before
conjugation, the biotinylated aptamer was heated to 70 °C for
10 min to unfold the DNA strain and cooled to 25 °C for 10 min
to block the DNA in its unfolded structure. The Qdot-aptamer
conjugates were synthesized in phosphate-buffered saline
(PBS: 10 mM phosphate buffer, 2.7 mM KCl, and 137 mM Nacl,

RSC Adv., 2018, 8, 22991-22997 | 22995
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pH 7.4) in tubes for 4.5 h at 25 °C in the dark. Then, Iowa black
FQ conjugated G-DNA (Mbiotech, Korea) was added to Qdot-
aptamer conjugates with G-DNA-to-aptamer molar ratio of
20 : 1. The sequence of G-DNA conjugated with double dark
quencher was 5'-/5IABKFQ//ZEN/ACC CAA CCC AAA CCC-3'. To
conjugate G-DNA with aptamer, the PEG-DA surface immersed
in G-DNA solution was first baked to 70 °C for 5 min and then
cooled to 25 °C for 3 h in the dark. The final concentrations of
aptamer, Qdot and G-DNA in the as-prepared conjugates were 1
uM, 0.05 uM and 20 pM, respectively. Finally, unconjugated G-
DNA was removed by centrifugal filtration at 13 000 rpm for
30 min and then refilled with PBS solution.

Due to FRET between Qdot 605 and dark quencher Iowa black
FQ that were within a certain distance of each other, the donor
Qdot 605 transferred energy to the acceptor dark quencher and the
fluorescence emission signals from Qdot 605 reduced compared to
the original fluorescence intensity. The Iowa black FQ had a broad
absorbance spectrum ranging from 420 to 620 nm, which over-
lapped the emission wavelength of Qdot 605.%

Influenza A (H1N1) virus detection in 3D photonic crystal

To perform the experiment for detecting the target virus in the
ideal sample and the real (or non-ideal) sample, the influenza A
(H1N1) virus (MyBiosource, Inc., USA) in PBS solution and
sterile-filtered human serum (Sigma Aldrich, Korea) were
introduced to the as-prepared quenched Qdot-aptamer conju-
gates and incubated in tubes for 2 h at 37 °C in the dark. The
final concentrations of influenza A (H1N1) virus solution in the
bioassays were 20 pg mL ™" to 200 pg mL~". As control groups,
other species of virus (H5N1 and H3N2 of the influenza A virus)
were also purchased from MyBiosource Inc. The fluorescence
images during virus detection were captured by an inverted
fluorescence microscope (IX71, Olympus Optical Co., Ltd.,
Tokyo, Japan) with a color CCD camera (CoolSNAP, Photomet-
rics, Tucson, AZ, USA) and the fluorescence intensity of Qdot
605 in the images was evaluated using ImagePro Plus software
(MediaCybernetics, Bethesda, MD, USA).

Fabrication process of low-cost portable home-made setup

In the proposed biosensor, the output fluorescence signals could
be significantly enhanced owing to the emission light guide in 3D
PC. Hence, we propose a low-cost portable home-made chamber
for quantitative analysis with a smartphone camera, as shown in
Fig. 5a. The proposed home-made chamber was made with acrylic
plates of 5 mm thickness, cut by a laser cutting machine. The size
of the home-made chamber was 20 x 10 x 10 cm. UV-light emit-
ting diodes (UV-LEDs) with wavelength of 395 nm, which was
within the excitation wavelength range of Qdot 605, were used as
light source in the chamber. The total cost of the home-made setup
was only 20 US dollars, and the components such as acrylic plates
or UV LEDs can be easily purchased.

Conclusions

The proposed biosensor allows end-users to detect influenza A
(H1N1) virus without complex assay processes and long analysis

22996 | RSC Adv., 2018, 8, 22991-22997
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time. The processes for end-users include collecting target
samples from either flu-containing aerosols (typically coughing
or sneezing from infected patients) or throat and nasal swabs,
and mixing the target biomolecules with the as-prepared Qdot-
aptamer conjugates, and incubating them for 40 min. The
proposed biosensor showed high sensitivity (LOD of
138 pg mL™ ') owing to enhanced output signal through the
emission light guide for specific wavelength in the 3D PC
structure. Moreover, high selectivity against other species of
influenza A virus (H5N1, H3N2) or biomolecules (thrombin
from human plasma) was confirmed by quantitative analysis
based on 3D PCthat showed improved signal-to-noise ratio over
2D surfaces. Furthermore, the target influenza A (H1N1) virus
could be easily visualized through a low-cost portable home-
made setup (total cost of only 20 US dollars) and a smart-
phone camera, which showed an LOD of 70 ng mL™"'. This
portable detection setup allows end-users to measure fluores-
cence intensity ubiquitously without expensive and complicated
instruments. Therefore, the acquired information can be easily
transmitted and analyzed through integration of IT technolo-
gies such as smartphones and online databases for real-time
analysis and in-time diagnosis, and it can be applied versa-
tilely in medical, pharmaceutical, and military environments.
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